A high-speed gas cbromatographic system that produces peak widths of about 0.1 s has been coupled to a time-of-flight mass analyzer that can record up to several thousand single-shot mass spectra per second. The effect of the improved scan rate on the chromatographic resolution is demonstrated. The detection limits are in the low picogram range. The mass spectra are in good agreement with library spa&a.
Introduction
The need for faster and more efficient gas chromatographic separations has led to the development of high-speed GC (HSGC) methods which reduce the analysis time by a factor of 10 [l-4] . To achieve the same resolving power as in conventional GC, short narrow-bore columns with a length of a few meters and an inner diameter below 100 pm must be used. At inlet pressures of typically 5-10 bar these columns yield extremely narrow GCpeaks with widths of = 0.1 s. Compressing the sample material into such narrow peaks increases the ignalto-noise ratio and thus can compensate for the limited column sample capacity due to the reduced amount of available stationary phase.
Keeping track of fast separations requires highperformance detection techniques to be used in *Corresponding author.
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SSDI 0168-1176(93)03938-I combination with HSGC. Various mass sensitive detectors like quadrupole, double-focusing sector field and ion trap mass spectrometers have been investigated [5-71 to evaluate their compatibility and performance with HSGC. With these massscanning instruments good sensitivity and mass resolution could only be obtained at the maximum possible scan rate of several scans per second. Further progress in HSGC demands higher scan rates. Time-of-flight mass spectrometry (TOF-MS) as an inherently non-mass-scanning technique is capable of delivering a complete mass spectrum in typically less than 100 ps, but suffered for a long time from the lack of suitable data acquisition hardware that could handle such large amounts of data. With the advance of low-cost on-line averaging transient recorders that can easily be installed in standard PCs, TOF-MS now seems to be highly promising as a fast detection system for HSGC. Therefore, we investigated the possibilities of combined HSGC-TOF-MS.
Experimental
The system under investigation ( Fig. 1) consisted of a HP 5890 gas chromatograph (Hewlett Packard, Palo Alto, CA, USA) coupled to a reflectrontype time-of-flight mass spectrometer equipped with an electron impact storage ion-source [8, 9] .
The GC has a split/splitless injection port. To allow operation at high inlet pressures (8 bar), a Tescom 44-1100 high pressure regulator (Tescom Inc., MN, USA) and a custom-built digital pressure indicator were installed in the carrier gas line. The original splitter valve was replaced to allow for higher splitflows. In all the experiments an injection volume of 0.1 ~1 and a split ratio of l/1000 was used. A 2.7 m x 50 km id. DB-1 column (Fisons, J&W Scientific, Folsom, USA) with 0.05 nm film thickness was used with helium as carrier gas. The injector and GC-MS transfer line were held at 280°C and 250°C respectively. Data acquisition was done by an on-line averaging transient recorder PI 9825 (Precision Instruments Inc., Knoxville, TN, USA) installed in a HP Vectra 386/25 PC as a double plug-in board directly interfaced to the AT bus. This board is capable of adding a new I-bit digitization of the input signal to a 16-bit sum every 5 ns and storing it into 262 K bytes of summation memory. The digitization rate, the number of data points, the number of summations and the scan rate (number of averaged spectra per second) are controlled by custom-built software. Each averaged spectrum is transferred to the host computer's memory. This transfer currently causes an appreciable dead time of ~10 ms during which no spectra can be taken. This puts an upper limit of 100 averaged spectra per second to the scan rate. After the run all spectra are stored on the hard disk for retrieval and further processing.
The time-of-flight mass spectrometer comprises an electron impact storage ion source where ions are stored in the negative space-charge formed by the emission current of a cylindrical cathode (MS mA). The stored ions are extracted by pulsing one of the electrodes of the ionization region. The data acquisition is started with a preset delay. After passing through a lens and a pair of deflectors the ions enter a grid-free ion mirror and are focused onto a discrete-dynode secondary electron multiplier (SEM) ETP AF-820 (ETP Ltd., Australia). The detector signal is d.c.-coupled to the preamplifier of the transient recorder.
Results and discussion

Scan rate
To fully exploit the reduction in analysis time made possible by HSGC very fast mass spectrometric detection and data acquisition methods are required. An insufficient scan rate may result in unreliable reconstructed total ion current (TIC) chromatograms and a loss of chromatographic resolution. Overlapping spectra may lead to erroneous compound identification, while the resulting TIC chromatogram cannot correctly be quantitated. The TOF-MS was applied to evaluate the benefits of scan rates that exceed the maximum rates obtainable with conventional instruments (~10 scans s-i) by a factor of up to 6.
After injection of a IO-component mixture the data acquisition was started with a fixed delay to record ions in the mass range from 35 to 150 u. For a preset number of summations a series of mass spectra was taken during the chromatographic separation process. A chromatogram was reconstructed by summing the intensities in the individual (averaged) mass spectra to yield the TIC as a function of the retention time. The improvement in peak integrity is demonstrated in Fig. 2 by comparing the chromatographic peaks of toluene sampled at a rate of 65 scans and 9 scans s-'. To quantify the loss of reliability in peak area determination due to insufficient scan rates a gaussian was fitted to the chromatographic peaks of toluene. The peak areas resulting from scan rates of 65 down to 16 scans s-l have an average of 1359 counts with a standard deviation of 3.8%. Taking
scans/s retention time [s]
into account the scan rate of 9 scans s-l, which yielded only 4-6 data points per GC peak, the standard deviation is increased to 11.3%. Similar results were obtained for other peaks. It can be concluded that scan rates below 10 scans s-' are not sufhcient for reliable quantification of these narrow peaks in HSGC.
The TIC chromatogram of a lo-component mixture is shown in Fig 3. The scan rate was 35 scans s-' and each scan was obtained by accumulating 16 spectra. The excellent separation shown in this figure clearly reflects the potential of combined HSGC-TOF-MS. The scan rate matches the chromatographic separation speed very well, thereby preserving the chromatographic integrity.
Quality of the mass spectra
As can be seen in Table 1 the TOF mass spectra are in good agreement with the library spectra [lo]. Only for the fragment ions of low mass do appreciable deviations occur. This may be partially attributed to the preferential storage of slow high-mass ions in the ion source.
'fable 1 Comparison of TOF mass spectra with library spectra
Sensitivity and mass resolution
A demonstration of the sensitivity of the HSGC-TOF-MS setup is given in Fig. 4 . A sample of 0.1 ~1, with a concentration of 100 pg ml-' hexachlorobenzene (HCB) in heptane, was injected with an inlet split ratio of l/1000, resulting in an injected amount of 10 pg HCB. Split ratios that high have to be used with our present equipment for HSGC in order to avoid overloading of the column and to obtain sufficiently narrow input band widths. The mass spectra were measured with 32 x averaging at a rate of 30 scans s-'. The mass range was 200-300 u. A signal-to-noise ratio of F; 20 in the mass spectrum was obtained.
The mass resolution of the instrument is x700 (FWHM), which is less than in the residual gas mode of the spectrometer (%1500), because of a deterioration in ion source performance by the solvent peak.
Summary and outlook
It has been shown that TOF-MS can provide scan rates that match the speed of high-speed gas chromatographic separations and allows a highlyreliable reconstruction of TIC chromatograms. Sensitivity and mass resolution have been shown to be comparable to conventional instrumentation. Further investigations will be improvements of the detection limits.
